The most recent nonempirical value for the correlation energy of Cll E (CH) is -0 344 
exp( -ar 2 ). Prior to these results it had been assumed that the molecular correlation energy of C& could not be very different from -0.393 a.u. of the isoelectronic system, Ne. Why were the correlation energies of CH 4 and N e expected to be equal? Simply because they are isoelectronic, have the same total nuclear charge, and the neonlike spherical approximati~n to C& gives a fairly good Hartree-Fock energy.
ThIS paper shows that about 50% of this difference in correlation energies between CH4 and neon has a simple explanation. Neon and the spherical approximation to CH 4 have a IS wavefunction (1s2 2S2 2p6) and a total nuclear charge of Z = 10. But the 2s and 2p orbitals in Ne see a much larger effective nuclear charge; that is, Zcff(Ne)~6, ZeffCCH4)~2.5. This difference comes from having 4 of the 10 protons of CH. smeared out on a sphere of radius 2 a.u. and not all at the center as in Ne. From electrostatics, an electron inside of this sphere sees a constant potential but, were these four protons at the center, an electron would see a potential=4/ri where ri<2.067 a.u.-hence the larger effective nuclear charge in N e. From the Z dependence of the correlation energies of Ne-like ions, this difference of 3.5 a.u. in the effective nuclear charge of the 2s and 2p orbitals in Ne and C& sets 1 Ecorr(C&) 1 at 0.025 a.u. less than 1 EcorrCNe) I. We J. Chem --- than I Ecorr(NE) I. It does mean that the Cl expansion for CH 4 (1S) will not only contain different matrix elements and excitation energies from the Cl expansion of CH4 (1r) but that also the total number of configurations in the two Cl expansions will be different. How this affects the final result will depend on all these three differences. This should be kept in mind in any Cl study using the spherical approximation to Ca(1r).
THEORY AND CH4 RESULTS
The C& molecule has the shape of a regular tetrahedron, the four protons each at a distance of 2.067 a.u. from the central carbon atom. The molecule belongs to the tetrahedral symmetry group Td• The equilibrium configuration is (la1)2(2a1)2(2t2",)2(2t2y)2(2t2z)2, where a1 and t2 denote the two types of MO's corresponding to the irreducible representations A1 and T2 of the tetrahedral symmetry group. Expanding the potential due to the protons in harmonics centered on carbon and retaining only the first term in such an expansion, the molecule in its ground state has a spherically symmetrical electronic wavefunction (lS). The Hartree-Fock (HF) wavefunction is, like that in neon, will be larger than the corresponding energy difference, for example, 10%-15% difference in the 2p function of Ne. For our purpose, the approximate wavefunctions are good enough and physically give the effective nuclear charge. Later we look at the effect on the results of improving the wavefunction for CH 4 other than simply introducing more 2p-like functions. These turn out small. (2) (3)
(1 is the screening constant, Z the total nuclear charge (in an atom), and Zeff the effective nuclear charge. Then Zcff (2p or 2s)~5.8 in Ne and about 2.5 a.u. in ca. The 2p electron in N e sees a much larger effective nuclear charge than does the 2p electron in Ca. Both systems have a total nuclear charge of 10, but in neon all are at the center and an electron sees a nuclear potential energy, -10/Ti. In CH 4 four of these are smeared out over the surface of a sphere (radius equal to C-H bond length), and only six are at the center. From classical electrostatics, an electron outside this sphere has the same nuclear potential as in Ne( -lO/Ti), but an electron inside this sphere sees a constant potential from the smeared-out electrons, that is, -4/2.067 which is less than -4/Ti for Ti<2.067. Figure 2 shows that the electron spends a good bit of its time at T<2.067. This leads to a smaller effective nuclear charge for the 2p electron in Ca. What effect does this difference in effective nuclear charge have on Ecorr(Ca) -Ecorr(Ne)?
In the spherical approximation, CH 4 is a Ne-like ion. The correlation energy of Ne-like ions increases with increasing nuclear charge. The curve in Fig. 3 is a least-squares fit to Clementi's data. 9 From the slope of this curve, t1E corr / t1Z~0.OO75. In the "single Slater orbital" approximation,
with ()' constant in an isoelectronic series.
t1E eorr / t1Z"-' t1E eorr / t1Zef~.007 5.
The t1Zeff~3.3, and t1Eeorr between N e and CH4 is 0.025 a.u. This t1Zcff of 3.3 is for the 2p orbital, but t1Zeff(2p)~t1Zeff(2s) and most of this Z dependence comes from 2p6 and 2s 2 _2p6 correlation,lo The choice of t1Zeff, however, is not critical for there are no strongly Z-dependent pair energies in ls2 2S2 2p6 systems. 3 This simple analysis already explains 50% of the difference in Ecorr between C~ and N e. A more detailed analysis of this Z effect may give more of t1Ecorr, but is not worthwhile at this stage.
The curve of Ecorr of Ne-like ions versus Z (Fig. 3 ) used in our extrapolation is quite reliable. Clementi 9 found Eeorr(F-) = -0.398±0.OO3 a.u. by extrapolation of his data for Ne-like ions. That I Ecorr(F-) I comes out slightly larger than I Eeorr(Ne) I (Z=9 and 10, respectively) is not significant. First the difference is quite small compared with differences we are concerned with, and the value of Ecorr(F-) was not expected to be very accurate as shown by the uncertainty of 0.003 a.u. assigned to it. The linear increase in Ecorr of the Ne-like ions with Z is quite reasonable. There is no 9 E. Clementi, J. Chern. Phys. 38,2248 (1963) . 10 In a single Slater orbital approximation 2s = A r exp ( -ar) + B exp( -fjr). a is then only crudely an effective nuclear charge. degeneracy for infinite Z in N e-like ions, but it is not necessary to have such a degeneracy in order to observe a Z dependence of E corr . Such a degeneracy causes a large Z dependence. In general the various matrix elements of a CI study on such a series can increase such that Eeorr increases with Z. This is well supported by (a) 2s-1s intershell correlation increases with Z II and (b) Donath'sl2 CI study on F-, Ne, Na+ which gives about 68% of the total correlation energy, finds Ecorr of F-, Ne, Na+ to be in the ratio 1: 1.1: 1.23.
We use the Z dependence of total E corr . This Z dependence can certainly be regarded as the sum of Z dependence of all pair-correlation energies in the system. We do not make any assumptions about the Z dependence of any pair energy, but only that none is strongly Z dependent. Carlson l3 used atomic correlation data to estimate the correlation energy of CH 4 , but took the empirically determined Z dependence of 2S2 correlation energy. To get this 9 various pair energies are assumed transferable from one system to another. We have shown that this neglects the exclusion effects of the many-electron theory3 and incorrectly leads to a large Z dependence for 2S2 correlation in the first-row atoms. With the correct exclusion effects, the Z dependence of 2S2 correlation, for example, in Ne-like ions, is quite small. Linderberg and Shull's14 predicted Z dependence for 2S2 correlation is for the Be-like ions and not for the neutral atoms of the first row.
EFFECT OF IMPROVING THE ORBITALS
So far we have used the simplest approximation to <p(2t 2x ) ; that is, a single Slater orbital in the spherical approximation. It gives 98% of E HF • How well do these orbitals compare with those that explicitly con- tain a contribution from orbitals centered on the protons? Such wavefunctions can better represent the orbitals in the vicinity of the protons. It is important that this improvement over the simple approximation is not large for the difference in Zeff in CH4 and N e comes precisely from having four protons away from the center in C~.l5 One such wavefunction is Oleari'sl6 which builds up the total wavefunction from bond orbitals written as linear combinations of an Sp3 hybrid orbital of carbon and the ls atomic orbital on hydrogen (energy = -40.122). Fig. 2 is a plot of this bond orbital along the C-H bond and also of the "one-center" bond orbital built up from Parr's orbitals. 6 The difference cannot affect our results substantially. In another LCAO-MO calculation on C~, Sinai l7a only obtained an energy of -39.8 a.u. He used the free atom orbital exponents: 'Y= 1 for H nucleus and 'Y (2s or 2p) on carbon = 1.625, whereas Oleari l6 determined all orbital exponents variationally (except the ls orbital exponent on carbon) and got 'Y=0.41 for H nucleus and 'Y (2s or 2p) = 1.45. Oleari's value should then be clearly better than Sinai's,l7b
OTHER XHn SYSTEMS
Can this effect tell us anything about total Ecorr in other XHn molecules, for example, H 2 0, HF, etc.? It may establish some trend, but differences between very similar molecules, for example, H 2 0 and HF, will be much smaller and less reliable. The effect can give useful results on N~+ and SiH4.
Krauss gives the correlation energy of NH4+ as -0.330 a.u. tentativelyl [Ecorr(CH4) = -0.344 a.u.]' For N~+ Zeff(2s) =4.34, Zcff(2P) =3.24,18 and in CH 4 these are 2.94 and 2.5, respectively. We then expect 1 Ecorr(N~+) 1 to be at least equal to 1 Ecorr(C~) 1 if not slightly larger. The experimental energy of NH4+
